ABSTRACT SN 1572 (Tycho Brahe's supernova) clearly belongs to the Ia (thermonuclear) type. It was produced by the explosion of a white dwarf in a binary system. Its remnant has been the first of this type to be explored in search of a possible surviving companion, the mass donor that brought the white dwarf to the point of explosion. A high peculiar motion with respect to the stars at the same location in the Galaxy, mainly due to the orbital velocity at the time of the explosion, is a basic criterion for the detection of such companions.
Introduction
Type Ia supernovae (SNe Ia) are the calibrated standard candles used in the discovery of the accelerated expansion of the Universe (Riess et al. 1998; Perlmutter et al. 1999 ) and they remain a powerful tool in exploring the nature of dark energy. Although a lot of progress has been made in disentangling the nature of the explosions, there are still many points to be addressed concerning the progenitors (see reviews by Wang & Han 2012; Maoz et al. 2014 , and Ruiz-Lapuente 2014, for instance). They appear to be thermonucler explosions of white dwarfs (WDs) made of C+O, and accretion of material by the WD from a companion in a close binary system should be the basic mechanism to induce the explosion, but here the consensus stops. The companion could either be a still thermonuclearly active star in any stage of its evolution (the single-degenerate, SD channel) or another WD (the double-degenerate, DD channel. The explosion could also result from the merging of a WD with the electron-degenerate core of an asymptotic giant branch (AGB) star. The mode of the accretion could range from steady accretion to violent merger, and the explosion either arise from central ignition of C, when the WD grows close to the Chandrasekhar mass, or be induced by detonation of a He layer near the surface, the mass of the WD being smaller in this case. Observed different type Ia SNe may have different origins.
No binary system has ever been discovered in which a SN Ia has later taken place, but some binary systems are however considered to be excellent candidates for SN Ia progenitors, such as U Sco, which contains a WD already close to the Chandrasekhar mass. A general prediction for the SD channel is that the companion star of the WD should survive the explosion and present revealing characteristics.
There are remnants (SNRs) of the explosions of SNe Ia, close and recent enough that their exploration can either detect the presence of a surviving companion or confirm its absence (Ruiz-Lapuente 1997) . This has been done for several SNRs of the Ia type, in our own Galaxy and in the LMC González Hernández et al. 2009 ; Kerzendorf et al. 2009; Edwards et al. 2012; González Hernández et al. 2012; Kerzendorf et al. 2012 Kerzendorf et al. , 2013 Kerzendorf et al. , 2014 Kerzendorf et al. , 2018a Bedin et al. 2014; Pagnotta & Schaefer 2015; Ruiz-Lapuente et al. 2018 ).
The remnant of SN 1572 (Tycho Brahe's SN) was the first to be explored (Ruiz-Lapuente et al. 2004, RL04 hereafter) , and the findings there have later been the subject of several studies (González Hernández et al. 2009, GH09 henceforth; Kerzendorf et al. 2009; Kerzendorf et al. 2013, hereafter K13; Bedin et al. 2014, B14 hereafter) . Now the Gaia Data Release 2 is providing an unprecedented view of the kinematics of the Galactic disk (Brown et al. 2018) . It not only gives the 3D location of a very large sample of stars in the Galaxy, but also full velocity information (proper motion and radial velocity) for 7.2 million stars brighter than G RVS = 12 mag, and transverse velocity for an unprecedently large number of stars. Gaia DR2 provides astrometric parameters (positions, parallaxes and proper motions) for 1.3 billion sources. The median uncertainty for the sources brighter than G = 14 mag is 0.03 mas for the parallax and 0.07 mas yr −1 for the proper motions. The reference frame is aligned with the International Celestial Reference System (ICRS) and non-rotating with respect to the quasars to within 0.1 mas yr −1 . The systematics are below 0.1 mas and the parallax zeropoint uncertainty is small, about 0.03 mas (Brown et al. 2018 ).
Previously, the distances to the stars could only be estimated from comparison of the absolute magnitudes deduced from their spectral types and luminosity classes with their photometry, assuming some interstellar extinction in the direction of the SNR. That left considerable uncertainty in many cases (see RL04 and B14) . It is here where the Gaia DR2 is most useful.
The situation was better concerning proper motions, where HST astrometry, based on images taken at different epochs, had allowed high precision (see B14). HST proper motions are always relative to a local frame, whereas Gaia DR2 proper motions are absolute, referred to the ICRS. Moreover, Gaia DR2 allows to calculate the Galactic orbits of the stars. In addition, without a precise knowledge of the distances, the conversion of proper motions into tangential velocities remained uncertain and so was the reconstruction of the total velocities.
The paper is organized as follows. First we describe the characteristcs of Tycho's SNR. In Section 3, we examine the distances given by the parallaxes from Gaia, for the surveyed stars, and we compare them with previous estimates. In Section 4, the proper motions from
Gaia are given and then compared with the HST ones. Section 5 discusses the position in the Toomre diagram of possible companion stars to SN 1572, as compared with a large sample. In Section 6, we calculate the Galactic orbits of 4 representative stars and we discuss their characteristics. In Section 7 our whole sample is discussed. Section 8 compares the observtions with the predictions of models of the evolution of SN Ia companions.
Finally, Section 9 gives a summary and the conclusions.
Tycho SN remnant
Tycho's SNR lies close to the Galactic plane (b = 1.4 degrees, wich means 59-78 pc bove the Galactic plane). The remnant has angular radius of 4 arcmin. In RL04 we performed a search covering the innermost 0.65 arcmin radius centered on the Chandra X-ray observatory center of the SN, up to an apparent visual magnitude of 22. Presently we will discuss more stars, roughly doubling the radius of the searched area (see Figure 1 ).
The coordinates of the Chandra geometrical center of the remnant are: RA = 00h 25m
1.9s, DEC = 64o 08' 18.2" (J2000). This is the preferred center, which pratically coincides with that of ROSAT (Hughes 2000) , that differs by only 6.5 arcsec. The centroid in radio, -6 -from VLA (Reynoso et al. 1997) , is also nearby. The stars closest to the center are A, B, C, D, E, F and G. They are the preferred candidates because of that.
The distance to SN 1572 has been subject to study using different methods. The estimated value is converging into a value in the middle of the range from 2 to 4 kpc. Chevalier, Kirshner & Raymond (1980) using the the expansion of the filaments in the remnant and the shock velocity obtained a distance of 2.3±0.5 kpc. A similar distance was obtained by Albinson et al. (1986) through the observation of neutral hydrogen towards the supernova.
They place the distance in the range of 1.7-3.7 kpc. Just one year later, Kirshner, Winkler & Chevalier (1987) revisited the distance through the expansion of the filaments of the remnant and found it to be between 2.0 and 2.8 kpc.
In 2004, Ruiz-Lapuente (2004) attempted a different approach. By assembling the records of the historical observations of this supernova in 1572-1574 and evaluating the uncertanties, it was possible to reconstruct the light curve of the SNIa and the colour. After applying the strech factor fitting of light curves of SNe, it was possible to classify this SN within the family of SNe Ia. The derived absolute magnitude was found to be consistent with a distance of 2.8 ± 0.4 kpc for the scale of H 0 ∼ 65 km s −1 Mpc −1 . In this determination, a the extinction towards the supernova was derived by the reddening as shown in the color curve of the SN. Given that actual estimates of H 0 are 67 km s −1 Mpc −1 , this impact into a somehow smaller value around 2.7 kpc.
With the acknowledgement of those uncertainties, we take a range of possible distance, in this paper, between 1.7 and 3.7 kpc (2.7± 1 kpc) and we study all the stars within this distance range as derived by Gaia as potential candidates. We discuss the distance to the stars in the next section and we come back to it when talking about candidate stars. We now see a difference in the distance towards some stars, and we compared with the one published before.
Parallaxes and Gaia distances
Distances to the stars targeted as possible surviving companions of SN 1572 had first been estimated by RL04 (see their Table 1 ), for 13 of them. Those estimates were made by fitting synthetic spectra (under the assumption of local thermodynamic equilibrium, LTE)
to the observed ones. The grids of model atmospheres and the atomic data from Kurucz (1993) , in combination with the Uppsala Synthetic Spectrum Package (1975) , were used in the spectrum synthesis. The atmospheric parameters effective temperature T eff and surface gravity g were thus determined. Intrinsic colours and absolute visual magnitudes were then deduced from the relationships between spectral type and colour and spectral type and La Palma. Low-resolution spectra came, in addition, from the LRIS imaging spectrograph in the 10m Keck Telescopes, in Hawaii. They were compared, after dereddening, with template spectra from Lejeune et al. (1997) , and that supplemented the information obtained from the high-resolution spectra.
The detailed characterization of Tycho G (singled out as a likely SN companion in RL04) was done by GH09 using a high-resolution HIRES spectrum obtained at the Keck I telescope. The stellar parameters, effective temperature and gravity, were derived using the excitation and ionization equilibria of Fe together with the fit of the wings of the Hα Gaia DR2 website). These stars had already estimated distances in B14. the Gaia DR2 website). These stars have not been assigned a distance in B14 nor in any other paper. line compared to different synthetic spectra computed. The result pointed to a G2 IV star with metallicity slightly below solar. We then used the individual magnitudes in the different filters to estimate a range of possible distances of star G. In addition, we also got low-resolution LIRIS spectra of the stars E, F, G, and D which confirmed the spectral types of these stars. Our best fit for Tycho G gave T eff = 5900 ± 150 K, log g = 3.85 ± 0.35 dex, and [Fe/H] = -0.05 ± 0.09 (see GH09). This result is consistent with that obtained by K13.
K13 recalculated the distances to 5 of the stars (A, B, C, E and G). Many of them had a large error bars and are compatible with our distance estimate and the distance values implied by Gaia parallaxes, except for the value given for their star C (star C is in fact three stars located nearby in the sky) Their value for C in disagreement with the Gaia parallaxes.
Finally, in B14 there is a list of distances to 23 stars (A to W) (their Table 3 ), completing the work of RL04. The distances in B14 are in good agreeement with the Gaia parallaxes.
Now the DR2 from Gaia has provided us with precise parallaxes for almost all the stars including those of previous studies. The corresponding distances and their errors are given in columnn 6 of Table 2 , for the stars for which we already had estimates of the distances (column 5), and in column 3 of Table 3 for those for which there were none. Gaia DR2 distance are estimated as the inverse of the parallax.
In Figure lines mark the conservative limits of 2.7 ± 1 kpc on the distance to Tycho's SNR. Solid (blue) error bars correspond to stars that, within reasonable uncertainties, might be inside the SNR, dashed lines to those that, although formally their error bars reach the distance of the remnant, they are so large as to make it implausible, while dotted lines correspond to the stars even formally excluded. There are several stars, in Table 1 , that have negative
Gaia parallaxes and thus do not appear in the Figure. appear in Figure 1 .
There are now 13 stars within the range of possible distances to the SNR (within the agreed range by most determinations), but only stars G, U and have significant proper motions in declination. Proper motions of all the targeted stars will be discussed in the next Section.
In Table 1 , the Gaia DR2 data of parallaxes, proper motions, and magnitudes G are given as in the Gaia DR2. The proper motions are aboslute. referred in the ICRS (as mentioned above9.
In Table 2 , the Gaia DR2 distances, as we announced, are compared with the distances deduced in B14 from determination of the stellar atmospheric parameters and comparison of the resulting luminosities with the available photometry. We see that there is good agreement in most cases, with a tendency to place the stars at longer distances in B14 as compared with Gaia, which can be attributed to an underestimate, in B14, of the extinction in the direction of Tycho's SNR. Based only on the stars with distance errors ≤ 0.5 kpc in both sets, the underestimate would be by ∆A V 0.5 mag. Exceptions are stars N, P1, U, V and W, although in the two latter cases the Gaia error bars are so large that the comparison is not really meaningful.
Proper motions from Gaia compared with the HST
High velocities, mainly due to their orbital motion at the time of explosion, must be a salient characteristic of SNe Ia companions. Unless they were mostly moving along the line of sight when the binary system was disrupted, the components of the velocity on the plane of the sky should be observed as high proper motions relative to the stars around the location of the SN. Such location, in the case of SNe whose remnants still exist, is given in a first, rough approximation, by the centroid of the remnant. High-precision astrometric measurements of the proper motions of the stars within some angular distance from the centroid are the tool needed to detect or discard the presence of possible companions. Until the advent of Gaia, this was only possible with HST astrometry.
A first set of measurements of the proper motions of the stars around the centroid of Tycho's SNR was made in RL04. It included 26 stars, labelled from A to W (see their Fig.   1 ). Images from the WFPC2 aboard the HST, taken two months apart (within Cycle 12), were used. We found that star G was at compatible distance to the supernova (our distance estimate for Tycho G (most widely named star G) was 3.0
+1
−0.5 kpc and its motion was mostly perpendicular to the Galactic plane, with µ b = 6.11±1.34 mas/yr (µ l = -2.6±1.34 mas/yr only). That meant a tangential velocity v t ∼90 km/s, which combined with a high measured radial velocity it gave a total velocity (LSR) v tot ∼135 km/s ± 9 km/s, making 7.52 km/s (LSR). In general, there has been no appreciable change from B14. The values obtained can be again interpreted by binary model system siilar to U Sco. The average total velocity at a distance ∼ 2 kpc being v tot ∼ 50 km/s, the excess velocity would then be ∼ 50 km/s and correspond to the orbital velocity before the sytem were disrupted by the SN explosion. An alternative to this hypthesis is discussed later in the paper.
In B14, the proper motions of 872 stars were measured from HST astrometry, using images taken in up to four different epochs and spanning a total of 8 yr. Much higher precision than in RL04 was achieved. The results for 45 of them (all the stars with names in Figure   1 ) are given in Table 2 of B14. The full version was provided as supplementary electronic material.
When comparing the proper motions given by the Gaia DR2 with those obtained by B14 from the astrometry done with the HST, one must take into account that the former are absolute measurements, in the ICRS system, while the latter are relative measurements.
This means that the local frame used for the HST astrometry should, in general, move with respect to the ICRS frame. Such systematic effect is actually seen when we make the comparison. In Tables 2 and 3 , the Gaia proper motions have been transformed to the HST frame.
Including only the stars with proper motion errors smaller than 0.25 mas/yr in B14, we find that, on average, µ α cos δ (Gaia) = µ α cos δ (B14) − 1.599 ± 0.729 mas/yr and µ δ (Gaia) = µ δ (B14) − 0.601 ± 0.585 mas/yr.
In Table 2 (columns 7 and 9) and Table 3 (columns 4 and 6), we have transformed the Gaia proper motions to the B14 HST frame according to these relations. For our purposes, the local, relative proper motions are most meaningful, since we are interested in the motions of the stars with respect to the average motions of those around their positions. After applying these zero-point shifts, there still are residual differences between the two proper motion sets. On average, ∆ µ α cos δ = −0.017 ± 0.788 mas/yr and ∆ µ δ = 0.005 ± 0.630 mas/yr.
The whole set is included here, the dispersion being mainly due to stars which have substantial errors in their Gaia proper motions (see columns 7 and 9 in Table 3 and columns
Toomre diagram
Gaia provides a five-parameter astrometric solution and for some stars line-of-sight velocities (α, δ, , µ * α , µ δ , V r ), together with their associated uncertainties and correlations between the astrometric quantities. For the 13 stars for which we also know their radial velocities, the total space velocities can be derived. It is most useful to see their components in the Galactic coordinate system: U (positive in the direction of the Galactic center), V (positive in the direction of Galactic rotation) and W (positive in the direction of the North Galactic Pole) in the LSR. In Table 3 we give the U, V and W components of the space velocities, as well as the total velocities on the Galactic meridian plane, in the Local Standard of Rest, of these 13 stars, based on the Gaia DR2 parallaxes and proper motions and on the radial velocities from B14 (save for star A, which has a quite precise radial velocity from Gaia). For the transformation of the motions from heliocentric to the LSR, we have adopted, as the peculiar velocity of the Sun with respect to the LSR, (U , V , W ) = (11.1, 12.24, 7.25) km s −1 (Schönrich et al. 2010) .
A Toomre diagram allows to distinguish between stars belonging to different populations (thin disk, transition thin-thick, thick disk, and halo). The Toomre diagram for the above stars is shown in Figure 3 , where they are superimposed on a sample of thin disk, transition thin-thick, and thick disk stars, taken from Adibekyan et al. (2012) . The sample in the upper left panel has no imposed boundaries on metallicity, while those in the lower left and the right panels include only stars with metallicities equal to or higher than that of star G minus the 1 σ uncertainty, i.e. for [Fe/H] > -0.14. One sees there that (with the exception of star J, whose kinematics is very unreliable, with large errors in the Gaia DR2 data), no other star in our sample moves as fast as star G.
The Gaia data place star G above the region where most thin disk stars are. The kinematics of star G would locate it among the thin/thick disk transition stars but its metallicity is that of a thin disk star, while at its location, only 48 pc above the Galactic plane, the density of thick disk stars is very low. Using the Adibekyan et al. (2012) sample, the probability that star G belonged to the thick disk, given its metallicity, is only of 2 %.
There are some thin disk stars, however, that move fast on the Galactic meridian plane, and thus star G might belong to this group, although, as we will see, it includes only a small fraction of the thin disk stars.
Quantitatively, in the sample from Adibekyan et al. (2012) , of 1111 FGK dwarf stars, there are 601 thin disk stars with metallicities [Fe/H] > -0.14. 446 of them (74,2%) are inside the circle V 2 + (U 2 + W 2 ) !/2 < 50 km/s, and 596 are inside the < 100 km/s circle. Only 5 (0.8%) have velocities higher than 100 km/s. That is, therefore, the probability, from kinematics alone, that star G were just a fast-moving thin disk star.
In Section 5 the orbits of the stars are discussed and further on the question of the detailed chemical abundances of star G will be addressed.
Star's orbits
Using the Gaia DR2 data system, we can calculate the orbits of the stars in the Galaxy.
With known distances, proper motions can be translated into tangential velocities. From that and from the radial velocities already obtained, the total velocities of the targeted stars are reconstructed and their orbits as they move across the Galaxy can then be calculated.
The stellar orbits are obtained by integration of the equations of motion. A 3D potential of the Galaxy is required for that. Here we use an axysimmetric potential consisting of a spherical central bulge, a disk and a massive spherical halo, developed by Allen & Santillán (1991) . It is an analytic potential that allows an efficient and accurate numerical computation of the orbits. In the present case, the total mass of the Galaxy is assumed to In Figure 4 we show the orbits of stars B, G, F and U. We see that only stars G and U do reach larges distances above and below the Galactic plane, while the other two stars, in contrast, do not appreciable leave it. It can also be noted, in the motion parallel to the Galactic plane, the large eccentricity of the orbit of star G.
The Figure is meant to show how far from the Galactic plane do reach the stars with significant proper motions in µ α and µ δ . We take four stars with distance compatible to that of the SN. We see that star G will reach up to 500 pc and star U up to almost 700 pc above the Galactic plane within the next 500 Myr. In contrast, Tycho B and Tycho F (which have an insignificant µ δ ) do not reach 200 pc in its orbit in any lapse of time. We have placed Tycho B and Tycho F, because those have µ α ∼ 4 mas yr −1 but negligible µ δ . Their orbits do not look peculiar. These are example of the many stars in a similar situation, which can be seen in our Tables. They will be thin disk stars (as seen in the Toomre diagram). The case of star U is unique, in the sense that it has a slighly larger µ δ than Tycho G. Tycho U has a negligible µ α . This makes its orbit very circular. Tycho G has about the same proper motions ins µ α and in µ δ . This is why it reaches 500 pc above the Galactic plane but, at the same time, unlike star U, its orbit is eccentric.
The total velocity of star G is larger than that of star U. This can already be seen from the orbit and more explicitly in the Toomre diagram. When we add the radial velocity vector to obtain the total velocity for star G, we have a v r = -87.40 km s −1 (heliocentric), which is larger than that of star U (-45.40 km s −1 ). Thus total velocity for star G is 103.69 km s
while for U is only 68.63 km s −1 .
In Figure 5 , we have made an histogram of the heliocentric radial velocities of the stars Table 3 ), while stars B and F scarcely depart from the plane. The behaviour of the latter stars is typical of the rest of the sample considered here. In the right panel we see that the orbit of star G, on the Galactic plane, is highly eccentrical (which corresponds to the high value of the U component of its velocity in Table 3 ), while the other stars (including star U) have orbits close to circular. Also here, the behaviour of stars B and F is representative of the whole sample. We take from the Gaia DR2 the proper motions and the radial velocities. The position of star G in the diagram is at the crossing of the two blue lines.
within 1 degree from the geometrical center of the SN. We see there that the position of star G as anomalous. We also see that around the SN position the heliocentic radial velocities are small.
In Figure 6 we show the position of Tycho G in a diagram of proper motion in RA against heliocentric radial velocity for stars up to M G = 12 mag in the Gaia DR2 sample (those which have well-measured radial velocities in the DR2). All stars within 1 degree from star G are included and they are intrinsically bright blue stars and red giants in the field, due to the selection made in apparent magnitude. Star G lies away from the bulk of the sample.
Readers might ask what happens with the stars, in the full sample of Tables 2 and 3, that do not have measured heliocentric radial velocities because they were far from the 15% of the radius of the remnant explored in RL04. The Gaia DR2 data show no significant proper motions for any of them.
Candidate stars
In order to evaluate the likelyhood that a given star were the companion of the SN, we look at the distances provided by Gaia parallaxes and to the proper motions. For some of the stars, we also have radial velocities, obtained from high resolution spectra. Parallaxes and proper motions allow to discern whether a given star has received extra momentum from the disruption of a binary system to which it belonged.
We examine first the stars closest to the geometrical center of the remnant.
Stars A to G
Star A is the closest star to the geometrical center of the SN remnant. From its stellar atmosphere parameters, this star is at the foreground of the SN. The Gaia parallax places it at 0.97
−0.04 kpc. By comparison of the absolute magnitude corresponding to the stellar parameters with the photometric data, we had derived d = 1.1± 0.3 kpc (R04, B14).
Star B has recently been thought to be also at the foreground (Kerzendorf et al. 2018 ).
Its distance, as determined by Gaia, d = 2.03
+0.19
−0.15 kpc, is now compatible with the SN distance. We already pointed out, in R04 and B14, that the star likely was at a distance compatible with that of the SNR. We do not think that it could be the SN companion, though, basically on the ground of its kinematics. We will come back to this later.
Stars C1, C2 and C3 have been observed by the HST. Gaia could only observe C1, and has determined it to be a very nearby star, at a distance of 0.18 We leave this point aside and refer only to the agreed solar metallicity of the star.
Stars B and E
Star B has been studied by Kerzendorf et al. (2018) . It is a hot star close to the geometrical center of the remnant. The authors discard the possibility of its being the companion, though, by considering it as a foreground star. Gaia, however, places this star at a distance compatible with that cof the SNR. We can discard star B, however, on the basis of having no peculiar proper motions nor radial velocity. We have made a reconstruction of the orbit of star B and it moves on the Galactic plane without any disturbance towards upper or lower Galactic latitudes.
Star E was the suggested as the SN companion by Ihara et al. (2007) , though the distance to the star looks considerable higher (not being very precisely determined by Gaia, however). The authors detected absorption lines in the blue side, of the spectrum, at 3720 A, consistent with Fe absorption from Tycho's SNR. They concluded that this might either be due to the Fe I in the SN ejecta or to a peculiarity of the star. In GH09 it was pointed out that it is likely a very distant star. In fact, both its distance and its kinematics do exclude it as a possible companion of the SN.
Proposed stars at the NW of the geometrical center Xue and Schaefer (2015) place the site of the explosion of Tycho's SN at the NW of the geometrical center of the SNR. They base their claim, in part, on a reconstruction of the historical center using observations of astronomers that wrote records on SN 1572 in the year of its discovery. Their position is at odds with a previous historically based reconstruction of the location in the sky of SN 1572 from Stephenson & Clark (1977) . On the other hand, they use a substitute of a 2D hydrodynamical simulation that, as noted by Williams et al. (2016) , would only be valid for perfectly spherical remnants. Xue & Schaefer (2015) , there is no star looking as a companion of Tycho's SN in any way.
The NE proposed center
In a recent paper by Williams et al. (2016) , the expansion center of the remnant is suggested to be at the NE of the geometrical center. From their 2D hydrodynamical simulations, the original explosion center can not be at the geometrical center. The determination of the site of the explosion by these authors, though, is not just based on the extrapolation of the trajectories of different regions of the SNR but also on the referred simulation, that assumes cylindrical symmetry in the initial ejection of the supernova material. However, Krause et al (2008) , from the spectrum of the light echo of SN 1572, suggest that the explosion was aspherical and thus not cylindrically symmetric. −0.58 kpc, but with small proper motions. K has no distance determined by Gaia. In B14 we suggest it to be around 4 Kpc.
The kinematics of the star, with small proper motions, makes it a non-suitable companion of Tycho's SN.
Therefore, given the various candidates proposed, the best approach is to look for those that are within the range of the possible distance to Tycho's SN, show a peculiar kinematics and are within the region of the sky already explored.
Luminosities and models
There are significant differences in the predictions of the characteristics of the surviving companions of the supernova explosion. Podsiadlowski (2003) found that, for a subgiant companion, the object ∼ 400 years after the explosion might be either significantly overluminous or underluminous, relative to its pre-SN luminosity, depending on the amount of heating and the amount of mass stripped by the impact of the SN ejecta. More recently Shappee, Kochanek & Stanek (2013) have also followed the evolution of luminosity for years after the impact of the ejecta on a main-sequence the companion. The models first rise in temperature and luminosity, peaking at 10 4 L to start cooling and dimming down to 10 L some 10 4 yr after the explosion. Around 500 days after explosion the companion luminosity would be 10 3 L . Pan, Ricker & Taam (2012 , 2014 criticize the two preceding approaches for the arbitrary of the initial models. Starting from their hydrodynamic 3D models, they find lower luminosities for the companions than the previous authors. They find luminosities of the order of only 10 L for the companions, several hundred days after the explosion. Now, knowing the distances from Gaia, we can derive the luminosities of the stars compatible with being inside the SNR. We allow for a wide range (3 σ in the distance to the SNR, which means that a number of stars are compatible with that. We already had UBV photometry for some of them and now Gaia photometry for all. From that we find that there is no clearly overluminous candidate. Given the current uncertainties in the models, however, no star can be discarded by applying the luminosity criterion.
It has been suggested that, within the double-degenerate channel to produce SNe Ia, the explosion can be triggered just at the beginning of the coalescence process of the two WDs, by detonation of a thin helium layer coming from the surface of the less masive one. That would induce a second detonation in the core of the more massive WD. This hypotetical process has been dubbed as the "dynamically driven double-degenerate double-detonation scenario" (see Shen et al. 2018 and references therein) . In this case, the less massive WD would survive the SN explosion and be ejected at the very high orbital velocity (> 1000 km s −1 ) it had at the moment of the explosion. Those would be seen as "hypervelocity WDs" (Shen et al. 2018 ). The number of hypervelocity WDs detectable by Gaia depends on the assumed luminosity of these objects. Shen et al. (2018) conclude that, taking into account tidal heating undergone by the WD before the explosion, a typical object would have, after subsequently cooling for ∼ 10 6 yr, a luminosity ≥ 0.1 L , and thus be detectable by Gaia up to a distance of 1 kpc. Based on that, they predict that ∼ 30 potentially detectable hypervelocity WDs should be found within 1 kpc from the Sun. They have actually found, from Gaia DR2, three objects that, after having been followed up with ground-based telescopes, although not looking as typical WDs might be the result of heating and bloating of a SN Ia WD companion.
In the case of Tycho's SN, the cooling time of a possible surviving WD companion is only ∼ 450 yr, and thus the luminosity should be significantly higher than the 0.1 L adopted by Shen et al. (2018) for a typical companion having cooled for ∼ 10 6 yr.
In order to look for a possible hypervelocity WD companion to Tycho, we must considerably enlarge the search area around the center of the SNR. Taking as an upper limit a velocity perpendicular to the line of sight of 4000 km s −1 , the maximum distance traveled in 450 yr, 5.7×10 13 km, translates, at a distance of the SNR, into an angular displacement of 2.1 arcmin (that is slightly more than 50% of the average radius of the SNR, which is about 4 arcmin).
We have checked that there is no object with unusually high proper motion in the Gaia DR2 data release, within the searched area and up to a G-magnitude of 21. For an extinction A V = 2.4 mag (GH09), and at the distance of Tycho, that means a luminosity L ∼ 0.3L , similar to the lower limit adopted by Shen et al. (2018) . That does not take into account the capture of radioactive material by the companion WD predicted by Shen & Schwab (2017) . Objects such as the three candidates to hypervelocity former SN Ia companions found by Shen et al. (2018) , with G-magnitudes ∼ 17-18 mag, would be clearly seen.
Summary and conclusions
We have reexamined the distances and proper motions of the stars close to the center of Tycho's SNR, using the data provided by the Gaia DR2. Previously, the distances were only know from determination of the stellar atmosphere parameters and comparison of the corresponding luminosities with the observed apparent magnitudes, with only an approximative knowledge of the extinction and uncertainty about the luminosity classes in a number of cases. More accurate were the proper motions, coming from astrometry made with the HST, but the DR2 has allowed a cross-check here. Besides, only a precise knowledge of the distances allows to convert proper motions into tangential velocities reliably.
Gaia now provides the last word about the distances and kinematics of the previously proposed companions of Tycho's SN.
A good agreement between the distances from Gaia and those reported in B14 has been found in many cases, but with a general trend to shorter Gaia distances as compared with B14, which can be attributed to an underestimate of extinction in the direction of the remnant, in B14. In a few cases, however, the discrepancies are large.
Concerning proper motions, the agreement is very good once due account is made of the systematic effect of the motion of the local frame to which the HST measurements are referred with respect to Gaia's absolute frame.
We find that, within the remaining uncertainties, up to 13 stars are at distances compatible with that of the SNR. The case for Tycho G is that in samples such as the one shown in Figure 3 , this star has a thin/thick disk transition kinematics, but has thin disk metallicity.
There is only a 0.8% of star having similar characteristics. We have inspected the proper motions of all the stars visible up to V = 22 mag and we have found no one with the same peculiar total velocity. There is, however, the possibility that after performing several orbits around the Galactic center, and encountering globular clusters and spiral arms, the star orbit becomes eccentric and migrates towards higher Galactic latitudes. This is a suggested explanation for the chayracteristics of Tycho G. A counterargument is why the other stars, in close locations, would not have migrated.
We agree with Kerzendorf et al. (2018) that Tycho B is not a good candidate to companion of the explosion. We can also exclude, in view of the Gaia DR2 data, that star E could be a companion, since it lies very far away.
In case that Tycho G were not the companion star, the double-degenerate scenario or the core degenerate scenario are favored, since we have gone down to solar luminosities.
With Gaia DR2, we have also looked for the hypervelocities stars predicted by some scenarios, but within the magnitudes reached by Gaia we have found none.
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